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The widespread use of non-renewable fossil fuels has led to societal problems like global 
warming and climate change. Electrochemical energy storage can enable the integration of 
renewable energy sources that are inherently intermittent (solar, wind, etc.) into the electric 
grid, though major advances in cost, cycle life, and safety are necessary to have a global impact 
on the energy landscape.  Both aluminium (Al) and zinc (Zn) metals are earth abundant, low-
cost, safe, and exhibit high coulombic capacities, which make them promising electrode 
materials for “beyond lithium-ion” battery chemistries. However, the electrochemical 
feasibility and charge storage mechanisms of alternative Al and Zn battery systems, particularly 
when paired low-cost positive electrode materials, must be investigated.  
In this thesis, high-energy-density aluminium and zinc metal batteries that employ low-cost 
and safe manganese dioxide (MnO2) as positive electrode materials (“cathodes”) are 
investigated using ionic liquid and aqueous electrolytes. Two crystalline polymorphs of MnO2 
are used: birnessite (δ-MnO2), a layered structure, and todorokite, a seldomly studied structure 
composed of large tunnels.  For the Al batteries, two electrolyte were used: an ionic liquid 
containing aluminium chloride and 1-ethyl-3-methylimidazolium chloride ionic liquid 
(AlCl3/Emim[Cl]), and aqueous aluminium triflate. For the Zn batteries, aqueous zinc sulfate 
(non-alkaline) was used. The batteries were characterized electrochemically by galvanostatic 
and cyclic voltammetry tests while the electrode and electrolytes materials were studied by X-
ray diffraction and nuclear magnetic resonance (NMR) spectroscopic measurements. Al-MnO2 
batteries using choloraluminate-containing ionic liquid electrolytes are shown to be unsuitable 
for rechargeable redox electrochemistry, exhibiting large capacity fade, likely due to chemical 
and/or electrochemical instability of MnO2 in the electrolyte.  Aqueous Al-MnO2 batteries 
showed far more promise, exhibiting reversible electrochemical behaviour in cyclic 
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voltammograms.  The underlying charge storage mechanism appears independent of the 
crystalline polymorph, likely linked to proton intercalation, and requires further study.  
Aqueous (non-alkaline) Zn-todorokite batteries also demonstrated reversible electrochemical 
behaviour and thus show promise as a rechargeable battery technology.  The precise role of 
protons and water (e.g., hydration of zinc ions) should be clarified in future investigations. 
Overall, this work lays part of the scientific foundation towards using and understanding 
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Chapter 1: Introduction 
Climate change is a major issue in our world today. All world leaders during important 
summits, apart from trade and economics and terrorism, discuss the issue of climate change 
and ways to minimize its effect on the general populace. The excessive use of fossil fuels has 
led to the increase of green-house gases which then has led to the problem of global warming. 
The melting of polar ice caps and a 20 F rise in global average temperature as reported on the 
NASA climate change website, lays a huge responsibility on the research community to come 
up with effective technology for energy generation that will not further aggravate the problem 
of global warming, if not solve it completely. The use of renewable technology hence is a very 
viable and feasible solution for the present problem. However, a huge drawback of renewable 
energy technology, apart from its efficiency, is that it depends on unpredictable weather 
dependent sources of energy like solar and wind. Because renewable energy is not always 
available, to have uninterrupted power, storing the renewable energy during its availability 
becomes very important. This work of storing the generated energy is done by a battery. 
1.1 Types of batteries 
Battery plays an important role in our generation with the advent of modern electronic 
technology. The function of a battery is to store electrical energy in the form of chemical energy 
and to get back that electrical energy when it is required. Any battery will have two electrodes 
(anode and the cathode), an electrolyte and a separator within the battery to carry out the 
electrochemical reactions. The function of the electrolyte is to carry out the ionic components 
from the cathode side to the anode side, all this while forcing the electrons to traverse the 
external circuit doing the work of the electronic device. The separator is an insulator present in 
the battery, through which the charge carrying ionic species can travel, whose function is to 
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prevent shorting of the two electrodes. There are two kinds of batteries that are available for 
commercial use, single use battery (known as primary battery) or rechargeable battery (known 
as secondary battery). Examples of primary batteries can be the zinc manganese dioxide battery 
or the zinc carbon battery. The difference in the two batteries is only of the electrolyte used. 
So, in zinc manganese dioxide battery, the electrolyte used is KOH (potassium hydroxide) 
which is alkaline. When the battery is connected completing a circuit, the zinc electrode in the 
battery gives up two electrons in what is called as the oxidation reaction. The electron then 
travels through the electronic device and enters the battery again through the cathode side that 
contains the manganese dioxide. The manganese dioxide accepts the two electrons and 
becomes manganese (III) oxide in what is called as the reduction reaction. The two half 
reactions are mentioned below:  
Zn(s) + 2OH
−
(aq) → ZnO(s) + H2O + 2e
− 
2MnO2(s) + H2O(l) + 2e
− → Mn2O3(s) + 2OH
−
(aq) 
The overall reaction hence looks like:  
Zn(s) + 2MnO2(s) ⇌ ZnO(s) + Mn2O3(s)  
The above battery gives approximately 1.5 V. The same sort of oxidation and reduction electro-
chemical reactions happen in the zinc carbon batteries as well. However, the electrolyte used 
is zinc chloride or ammonium chloride both of which are acidic in nature. However, as these 
are non-rechargeable batteries, they must be discarded after their single use. Owing to this 
drawback, it was important to develop a rechargeable battery technology. So, this brings us to 
the rechargeable category of batteries or secondary batteries, which is the major focus of our 
thesis. To cope with the high demands of energy from electronic devices like the mobile phone 
and the laptop, this kind of battery systems were developed1. Just like the primary batteries, 
these batteries also have two electrodes, a separator and an electrolyte. However, in 
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rechargeable batteries, unlike the single use batteries, the flow of electrons can be reversed. 
This means the oxidation and reduction reactions that occur when electrons flow in one 
direction say from cathode to anode, will become reduction and oxidation respectively, albeit 
at a different voltage, when the flow of electrons is reversed inside the battery. Some examples 
of secondary batteries include, Nickel-Cadmium, lead acid, nickel metal hydride battery and 
Li ion batteries (LIB). 
At present, whenever we talk about rechargeable energy storage, the first thing that comes to 
mind is Li-ion batteries. We are very heavily invested into rechargeable Li-ion batteries. SONY 
company commercialized the use of Li-ion batteries in 1991. This battery depends on the 
principle of intercalation. The term ‘intercalation’ refers to inserting extra time into a calendar 
or schedule. In chemical engineering context this refers to hosting guest ionic species inside 
lamellar structures2. The principle of intercalation is explained taking LIB as an example. 
According to Goodenough et al.1 the anode and cathode for this battery is graphite and lithium 
cobalt oxide. The battery is assembled in a discharged state. The electrolyte for the battery is a 
lithium salt dissolved in an organic solvent like dimethyl liquid carbonate. Thus, while 
charging, the lithium in the lithium cobalt oxide cathode undergoes oxidation and gives up an 
electron and enters the electrolyte as lithium ion or Li+. The electrolyte transports this Li+ from 
the cathode side through the separator onto the anode side. Now at the anode, the carbon layers 
in graphite structure host this guest Li+ ion from the electrolyte by accepting an incoming 
electron from the external circuit. The cathodic and the anodic reactions are shown below:  
LiCoO2 → xLi
+ + xe− + Li1-xCoO2 (Cathodic oxidation) 
C + xe− + xLi+ → LixC (Anodic reduction) 
When the graphite cannot intercalate anymore Li+ ions inside its structure, the battery is said 
to have been fully charged. Now while discharging the battery, the flow of electrons in the 
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battery is reversed. The electrons thus exiting the battery during discharge process will do the 
work in the connected external circuit before entering the battery again. During this time, the 
Li+ ions de-intercalating from the graphite structure will flow from the anodic side to the 
cathodic side through the electrolyte. This switching of roles when the flow of current is 
reversed between the anode and the cathode where oxidation and reduction is undergone, is 
what constitutes a rechargeable battery. 
 
 
Figure 1.1: Schematic representation of Li ion battery 1 
 
LIBs with graphite anode typically provide a theoretical specific capacity of 350 mAh.g-1 while 
providing an actual specific capacity of around 160 mAh.g-1. Though the above explained 
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principle of rechargeable battery is very feasible in its conception, however, just like everything 
else in nature, it has its own drawbacks. LIB over the course of its battery life, develop a 
passivating layer on the anode side commencing from the first charge step1. Though the process 
is quite slow, it slowly cripples the ability of the battery to store energy within it. Also, with 
repeated striping and plating of lithium, dendrite formation occurs on the anode side. These 
dendrites slowly migrate through the separator and reach the cathode side thus shorting the 
battery. This shorting the battery leads to a rapid discharge of capacity with a potential to ignite 
the flammable electrolyte and thus poses a huge safety hazard. However, even though we get 
a satisfactory cycle life of approximately 10,000 cycles with a voltage of around 3.9 V before 
experiencing major limitations, another important issue of using lithium in the battery is its 
abundance. According to Wikipedia, for every kg of earth’s crust only 20mg of Lithium is 
available making it the 25th most abundant element. At the same time, apart from issues with 
abundance, there are many safety hazards involved in the use of LIBs. Though a lot of research 
is pursued in this direction (a 260% increase in literature volume according to Li et al.3 between 
2010 and 2017) with respect to suitable cathodes, electrolytes and anodes, it’s scarcity and 
safety are the two main concerns for this technology. Li metal cation can carry only 1 charge. 
Mainly because of these reasons the search for battery chemistries involving abundant 
multivalent metals like aluminium and zinc having less safety hazards and toxicity have taken 
precedence. This will not only develop battery technology to become more economic, but also 
more energy can be stored in the same volume with minimal safety hazards.  
In the present thesis, considering the above described issues, we strive to understand the 
intercalation behaviour of multivalent ions like aluminium and zinc into crystalline transition 
metal oxide cathodes like MnO2. The experiments performed throw light mainly on the current, 
voltage and the specific capacity of the cathode. These are the main variables that will enable 
us to understand the metal cation intercalation behaviour inside the oxide cathode.  
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1.2 The need for Aluminium batteries 
Though the electronics market boomed after the invention of LIB, the drawbacks of the LIBs 
also quickly came to light prompting the research community to search for a solution for those 
problems and look for alternative metal cations to be suitable for rechargeable battery 
chemistry. As electronic goods began to be multi-purpose, space and weight became an 
important bottleneck issue for these electronic fabricators. It hence becomes important to store 
more energy in the limited space available in electronic gadgets without significantly 
increasing the weight of the battery. More recently, LIBs are also developed to be used in 
electric and hybrid vehicles. However, the cost of cobalt oxide is quite significant and is toxic 
thus making it quite unsuitable for large scale purposes4. As lithium cation can carry only 1 
charge, the use of multivalent metallic cation in a rechargeable redox reaction can perhaps store 
more energy in the same volume. This became the primary motive of the research community 
to explore other reversible redox chemistry. Batteries using other metal ions like sodium, 
magnesium, potassium and calcium have also been developed and researched4.  
A special interest has been garnered over the past couple of years on using aluminium ion in a 
battery. Its trivalent nature is the most seducing aspect in the eyes of the research community. 
The fact that it can carry three times the charge of Lithium makes it a good candidate for 
research in improving battery technology. Aluminium batteries (AIB) can deliver almost 
quadruple the amount of volumetric capacity of 8046 mAh.cm-3 as compared to lithium battery 
technologies that deliver 2062 mAh.cm-3 of volumetric capacity 4. However, the high charge 
density of the aluminium ion also works as its own limitation during intercalation which we 





1.2.1 Ionic liquid salt based aluminium batteries 
A major issue that the Al cation faces is the choice of suitable electrolyte for the battery. The 
electrolyte very commonly used in aluminium battery systems is 1-Ethyl-3-methylimidazolium 
chloride salt mixed with AlCl3 salt (AlCl3/Emim[Cl]). They are mixed in >1:1 molar ratio. For 
our batteries we use a 1.5:1 molar ratio of AlCl3/Emim[Cl] ionic liquid-based salt as electrolyte. 
As AlCl3/Emim[Cl] is very moisture sensitive, argon environment glove boxes are used to 
assemble the battery for experimentation. Apart from being moisture sensitive, the electrolyte 
itself is quite expensive which combined makes a great limitation for the Al ion battery 
research. For the AlCl3/Emim[Cl] batteries, the foil from which we punch the aluminium 
anodes is kept inside the glovebox filled with argon gas so that the development of this 
passivating layer is greatly minimized after the surface of the foil has been polished. At the 
same time, because AlCl3/Emim[Cl] is an acidic electrolyte, the passivating layer, if at all any 
is present on the anode surface, gets corroded. 
Research on a combination of aluminium chloride salts mixed with organic chloride salts have 
garnered interest long time back due to their possible use as electrolytes5. It has been shown in 
Wilkes et. al 5 that when aluminium chloride is mixed with organic chloride salts in 1:1 ratio, 
the reaction is  
M+Cl- + AlCl3 → M
+AlCl4
-  
Here M+ represents the organic chloride cation. However, when more aluminium chloride is 
added to the organic chloride salt, the main species present in the solution becomes  
M+AlCl4
- + AlCl3 → M
+Al2Cl7
- 
For our batteries, AlCl3/Emim[Cl] has the advantage of being liquid over a wide range of 
mixing ratio and temperature. For our batteries we have the same AlCl4
- and Al2Cl7
- ions which 
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are the charge carriers in the system6. However the cathode used in M.Lin et al.6 is graphite  
instead of MnO2. Thus, for their batteries the first step is to charge first, while for our batteries 
the cathode is MnO2 and hence the first step is to discharge first. For the graphitic cathode they 
can secure specific capacities of nearly 60 mAh.g-1. The battery exhibits nearly the same 
specific capacity for a good 200 cycles which emphasises the rechargeability of the battery 
assembly. This is quite different from our combination of anode, cathode and electrolyte. 
Compared to graphite cathode, MnO2 cathode in our assembled batteries fares as a primary 
battery. We observe a specific discharge peak in the first cycle, and it reduces drastically in the 




Figure 1.2: Schematic drawing of an Aluminium cell with graphite as cathode and AlCl3/Emim[Cl] as 
electrolyte6 
The redox reactions proposed at the two electrodes during charging and discharging step is  
4Al2Cl7
- + 3e- → Al + 7AlCl4
- (anodic reaction) 
Cn + AlCl4
- → Cn[AlCl4
-] + e- (cathodic reaction) 
A major advantage as mentioned in M.Lin et al.6 is that the entire battery assembly is flexible. 
This is because the anode and the separator material are quite mechanically foldable and 
bendable. This can have major advantages of attaching the battery to a portable solar cell to 
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charge in remote areas or during activities that involves very limited access to power supply. 
Also, a hole was drilled during the battery operation to explore any safety hazards. It turns out 
that owing to the lack of flammability of electrolyte, there was no safety hazard that was 
discovered. However to solidify the understanding of the harmful effect of moisture on 
AlCl3/Emim[Cl], M.Lin et al.
6 tested the battery with the electrolyte exposed to moisture and 
found that the efficiency of the battery is reduced because of the side reactions occurring during 
charging. AlCl3/Emim[Cl] ionic liquid salt based electrolyte is highly sensitive to water and 
reacts immediately to evolve hydrogen gas. The moisture was added to the electrolyte in a 
controlled manner. It could be said that presence of reacted species in the electrolyte of the 
moisture exposed AlCl3/Emim[Cl] could lead to passivation or dendrite formation during 
charge and discharge cycles. The reacted species could also participate in transporting charge 
in the electrolyte of the battery. 
The AlCl3/Emim[Cl] electrolyte aluminium battery was also tested against α and β type of 
MnO2 by our lab. The α has a tunnel structure of 2 x 2 while β resembles the tunnel structure 
of 1 x 1. It was reported, that they exhibited the similar behaviour of having a great discharge 
capacity in the first cycle that would drastically reduce in the following cycles with no 
significant plateau formation. The discharge capacity observed in the first cycle for both types 




Figure 1.3: Representation of zinc entering the 2 x 2 α – MnO2 structure7 
 
Figure 1.4: Pictorial representation of 1 x 1 structure of β MnO28 
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So even for α and β type MnO2, the same irreversible behaviour was reported. It was thus 
concluded that irrespective of the polymorph of MnO2 that acts as the cathode, the same 
behaviour pattern is observed for all the AlCl3/Emim[Cl] based electrolyte aluminium batteries.   
1.2.2 Aqueous electrolyte based aluminium batteries  
The sensitivity of the AlCl3/Emim[Cl] electrolyte towards moisture is a major point of 
disadvantage. It is for this reason, the emergence of the use of the bulky triflate ion as an 
aqueous electrolyte for aluminium batteries looks very promising. Research into AIBs has 
intensified greatly in the last 5 years4. In AlCl3/Emim[Cl], the large AlCl4
- and Al2Cl7
- are the 
major charge carriers instead of Al3+, which is the charge carrier of the aqueous electrolyte 
battery9. As mentioned previously, that in acidic environment of AlCl3/Emim[Cl] the 
passivating oxide layer is corroded. However, in aqueous batteries this is a major concern. The 
formation of the passivating oxide layer will severely choke the functioning of the battery. To 
avoid the formation of the oxide layer during operation of the battery, a specially treated 
aluminium anode is used in the aqueous batteries instead of the regular aluminium anode. 
Aluminium foils are first mechanically polished with sand paper to scrape of the oxide layer to 
the maximum possible extent and reveal the metallic lustre of the aluminium metal. However, 
inspite of the polishing the aluminium oxide layer still dominates the surface layer. The 
punched aluminium anodes are then kept submerged in AlCl3/Emim[Cl] for about a week 
before testing them in batteries. This process helps develop a solid electrolyte interface (SEI) 
over the aluminium anode. The presence of the SEI layer on the anode demonstrates 
exceptional reversibility of Al stripping and plating in the aqueous media compared to just a 
polished aluminium anode. Being present in acidic media, the oxide layer, if any, present on 
the aluminium anode surface, even after polishing, gets replaced by a layer enriched in organic 
functional groups9. This layer present over the aluminium anode is stable and exhibits good 
charge transport characteristics and promotes the stripping and plating of aluminium over an 
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electrochemical cycle. The SEI formed over the aluminium anode has not been studied in 
detail. Zhao et al.9 mentions that they received the inspiration of keeping the aluminium anodes 
submerged in AlCl3/Emim[Cl] electrolyte by observing the well-formed SEI layer in the case 
of lithium ion batteries that demonstrate reversible operations in the battery.  
The SEI layer is extremely rich in organic functional groups9. There is a presence of C=C and 
C=O in the SEI layer apart from the presence of C=N and C-H. The SEI layer is formed by the 
chemical transformation of the AlCl3/Emim[Cl] electrolyte over the Al interface. 
Zhao et al.9 used α-MnO2 as cathode. They report that by varying the concentration of the 
triflate electrolyte used in the battery they receive greater specific capacity. They claim a 
specific capacity of 380 mAh.g-1 in the first cycle, which is impressive.  
However, it must be noted that the triflate salt solution is also expensive. For our batteries, we 
use a 1M solution as electrolyte. The treated aluminium anodes after being submerged in 
AlCl3/Emim[Cl] for a week were washed with Dichloromethane (DCM) in two or three 
separate vials to remove the excess AlCl3/Emim[Cl] electrolyte present over the SEI layer that 
formed over the anode surface. The anode was dried naturally, DCM being very volatile, and 
later used in batteries for experimentation. Though limitations exist even in such systems, the 
huge drawback of the AlCl3/Emim[Cl] electrolyte based aluminium battery being moisture 
sensitive is well obliterated by this. 
1.3 The aqueous zinc battery 
Speaking of aqueous systems, battery chemistry involving zinc metal as the anode are also very 
viable candidates. Zinc is water compatible, environment friendly, is a multivalent charge 
carrier and has higher stability than other alkaline metals with water10. It also has greater safety 
associated with it as it can be handled in open air7. Its water based electrolyte, is not only 
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inexpensive but also provides faster transport of ionic species, compared to ionic liquid-based 
electrolytes11. Zinc is mainly used in primary batteries. Its high theoretical capacity was 
capitalized upon, and the alkaline Zn-manganese dioxide showed great potential to function as 
a primary battery. Still today Zn makes up for the bulk of primary batteries that are 
manufactured. Rechargeable zinc battery was similarly developed using alkaline electrolytes12. 
It is observed that the formation of many irreversible products during the course of discharge 
like Mn(OH)2, Mn2O3 and Mn3O4 with the formation of ZnO and Zn(OH)2 in alkaline systems 
are the root cause of the capacity fading7. Its ease of assembly makes it a viable candidate for 
the commercial battery industry. Owing to these advantages it is intriguing to develop a 
rechargeable Zinc battery system (ZIB). 
Since alkaline electrolytes caused issues with the rechargeability of the battery, an acidic 
solution was experimented instead of alkaline. This was first demonstrated by Shoji et al.13. 
The acidic electrolyte also gets rid and prohibits the formation of the oxide layer on the zinc 
anode. The acidic environment also makes sure that irreversible compounds are not formed 
within the battery thus fading its capacity and ensures greater possibility of zinc battery 
rechargeability. This eases the plating and stripping of zinc occurring in an electrochemical 
cycle. We use an acidic electrolyte of zinc that is zinc sulfate (ZnSO4)
13. 1 M solution of this 
electrolyte is used in our batteries. The size of Zn2+ ion along with its stable solvation shell is 
still small compared to the complexes of aluminium salts in ionic liquid based salt electrolytes 
that are bulk. Thus, under the influence of an applied potential difference, it is easy for the zinc 
ion to travel thorough the electrolyte towards the electrodes compared to the aluminium 
complexes. It must be noted that even though zinc and magnesium both exhibit the same charge 
of +2 and have the same cationic size, zinc is not that very abundant as compared to 
magnesium. Zinc is the 24th most abundant element on the earth’s crust compared to 
magnesium which is the 8th. However, it must be noted that magnesium is a very flammable 
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metal and reacts vigorously with steam or oxygen when present in thin strips or powder, thus 
increasing the risk of safety hazards for using magnesium as anode in a magnesium battery. 
Since zinc does not react as violently as magnesium does, the use of zinc as an anode in 
batteries is much safer. 
After it was demonstrated by Wei et al.14 that zinc can intercalate inside α, β, δ, and γ type 
MnO2 quite well, ZIBs have been under considerable study by the research community. α-
MnO2 has a 2 x 2 structure and can be easily synthesized with hydrothermal techniques. Also 
its performance against δ-MnO2 or birnessite cathode is explored by M.H. Alfaruqi et al.
11 and 
with todorokite in Lee et al.15, which further piques the curiosity of the research community. 
According to Wei et al.14, birnessite or δ-MnO2 demonstrates the highest specific capacity of 
all the synthesized MnO2 crystal structures, which is 269 mAh.g
-1. On the other hand, Alfaruqui 
et al.11 mention that they receive a specific capacity of 252 mAh.g-1 during the fourth cycle. 
However even they mention that compared to previous reports of α and γ MnO2, the layered 
type δ MnO2 with larger interlayer spacing seemed more enticing. The synthesized δ MnO2 is 
largely amorphous which they claim to aid in improved kinetics, greater surface area, greater 
possibility to accommodate lattice distortions due to intercalation during insertion and 
extraction of the zinc ions. However, as the battery is further electrochemically cycled, it shows 
that the layered type MnO2 undergoes structural deformation to form spinel type ZnMn2O4.  
This basically translates to the fact that after a certain number of cycles the capacity of the 
battery begins to fade due to the irreversible formation of phase change of cathode. The 
formation of irreversible products though is completely ruled out. Alfaruqui et al.11 further go 
to mention that they not only observed a phase change from the layered structure to the spinel 
structure but also noticed that between the XRDs of the first and the fifth discharge of the cell, 
except for the intensifying of the peaks there was no other difference (figure 1.5). The overall 
electrochemical reaction is said to be: 
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Zn + 2 MnO2 → ZnMn2O4 (spinel phase) 
Zn + MnO2 → δ-ZnMnO2 (electrochemical insertion phase) 
 
Figure 1.5: Ex-situ XRD pattern comparison of 1st and 5th discharge cycles11 
A similar capacity fade is also observed for the zinc battery when the cathode is Todorokite 
which is presented later in the thesis. Lee et al.15 report they have observed a capacity of 108 
mAh.g-1 at C/2 rate when using todorokite. It is expected that the diffusion of Zn2+ ions through 
todorokite would be faster compared to other tunnelled polymorphs of MnO2 like α or β phase. 
This is because the larger tunnel size is expected to have less electrostatic interaction with the 
guest ion. Unlike δ-MnO2, the sharp XRD peaks of todorokite exhibit its pure crystalline 
nature. Synthetic todorokite is estimated to contain some water molecules from the hydro-
thermal synthesis process15. Excess heating the todorokite at temperatures above 600 0C will 
lead to the removal of water but will be accompanied by the decomposition of the crystalline 
30 
 
structure to form Mn3O4, which is considered an impurity
15. Water in the tunnel structure helps 
maintain the large tunnel spaces of 3 x 3. It also aids in diffusion. During intercalation they 
partially shield the charge of the guest ion entering the crystal structure thus reducing the 
electrostatic interactions. This helps maintain structural stability and increase the cathode life 
for a greater number of cycles. Discharge capacities increase subsequently during the initial 5 
or 6 cycles because Mg ions already present within the structure after synthesis come out during 
the initial charging processes and their position is replaced by the incoming Zn ions into the 
structure15. Lee et al. pursue a comparison of XRD images on the pristine todorokite, 
discharged cathode and electrochemically cycled discharged and charged cathode: 
 
Figure 1.6: XRD images of the pure, discharged and discharged and charged cathode15 
However even though it is claimed in various places that zinc enters the MnO2 crystalline 
structure, without Nuclear magnetic resonance (NMR) data it is quite incomplete. In an 
31 
 
aqueous zinc battery, apart from Zn2+ ions we also have H+ ions in the electrolyte. Intercalation 
of these ions will also show up as specific capacity. An NMR would be a perfect tool to resolve 
this ambiguity and hence is the perfect tool to explore and understand the intercalation 
mechanism of zinc into crystalline transition metal oxide cathodes. It could be thus said that 
cathodes achieve specific capacities of 208 mAh.g-1 at 83 mA.g-1 for δ-MnO2 
11, at C/2 rate it 
can deliver 210 mAh.g-1 for α-MnO2
16 and 108 mAh.g-1 at C/2 rate for todorokite 15. In our 
thesis we will explore its intercalation mechanism with the 3 x 3 tunnel structure of todorokite 
type of MnO2.  
1.4 The use of MnO2 as cathodes  
Manganese dioxide is a very interesting choice for a cathode. Over the years many intercalation 
cathodes for rechargeable batteries have surfaced. The most widely used and famous being 
graphite used in LIBs. Studies using SiO2 instead of graphite have also emerged as the cathode 
in the LIBs. This is because the graphite tends to form dendrites upon repeated oxidation and 
reduction cycle thus increasing the risk of the battery exploding due to the shorting of the two 
electrodes. However, issues with SiO2 has also surfaced, the major one being its large increase 
in volume upon full charge. The other cathodes widely used to study intercalation behaviour 
are vanadium pentaoxide (V2O5) and chevrel (Mo6S8). MnO2 cathodes have a great number of 
advantages over other kind of cathodes. Firstly, being a polymorph compound, they have 
several forms that the MnO2 crystals can arrange themselves in. There is the α-, β-, γ-, δ-, λ-, 





Figure 1.7: Different crystallographic forms of MnO2 17 
Mostly α-, β- and δ-form (birnessite) are widely explored for their function as cathodes in 
rechargeable batteries. The reason being they are tunnel polymorphs of MnO2 and hence they 
are suitable candidates for intercalation behaviour. The table below gives an idea of the 
different experimental parameters that can be varied to synthesize the α-, β- and δ-form 
KMnO4 (millimoles) Temperature (
0C) Phase Morphology 
0.1 180 β Nanorod 
0.5 180 αβ Nanorod 
0.7 180 α Nanowire 
1 180 α Nanowire 
1.5 180 δα Nanowire 
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2 180 δ Nanoflower 
5 180 δ Nanoflower 
6 180 δ Nanowall 
6 140 δ Nanosheet 
6 150 δ Nanowall 
6 200 δ Nanowall 
6 220 δ Nanowall 
6 230 δ Nanowall 
1 150 α Nanowire 
1 200 α Nanowire 
Table 1.1- Table showing different parameters for synthesis of particular morphologies18 
Apart from the above characteristics, its synthesis is quite economical, facile for many 
polymorphs and the compound itself is quite environment friendly adding thus to the list of 
reasons of why this polymorph makes a very good candidate for intercalation studies. 
1.4.1 Birnessite or δ-MnO2  
Birnessite is one of the polymorphs of MnO2. It is a layered structure of Manganese dioxide. 
Its name originates from an occurrence in Birness, Aberdeenshire in Scotland. It has an 




Figure 1.8: Representation of the layered structure of birnessite 19 
Birnessite has good electrochemical performance due to its interlayer structure11. In birnessite 
the manganese atoms are surrounded by six oxygen atoms. Manganese, being a member of the 
transition metal group of the periodic table, can have variable oxidation states like +2, +3, +4 
and +7 due to the presence of vacant d orbitals. In birnessite the layers constitute the negative 
anionic charge. Since the manganese cation can have mixed valence, the space between the 
interlayers can compensate and accommodate a metallic cation for the lack of charge present 
in the layers within the crystal structure19,20,21. The large interlayer spacing between the layers 
makes the birnessite phase more interesting for ion exchange or intercalation studies. Birnessite 
has applications in other fields of study apart from its application in batteries. Since it is present 
in soil and takes part in many redox reactions with metals present in soil it is studied by 
microbiologists for its transition metal oxide properties20,22. Previously, the means to 
synthesize birnessite involved long reaction times, the use of very strong acid and bases and 
high temperature and pressure conditions. However we synthesize birnessite quite easily by the 
synthesis described by Duan et al18. The method of synthesis is time consuming but only 
involves the use of KMnO4. By eliminating the need for strong acids and bases, the safety of 
the synthesis procedure is also greatly enhanced. The yield from the synthesis is enough to 
make casts on molybdenum sheets for use as cathode in aluminium batteries. δ-MnO2 has been 
used as cathode mainly against lithium and zinc ion intercalation studies18,11. Birnessite flakes, 
apart from being used as cathode for intercalation batteries, are also used as a degradation 
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process for organic pollutants20. Its low band gap energy of approximately 2 eV is exploited to 
absorb a part of the visible spectrum for the degradation process of pollutants. 
 
Figure 1.9: Image of birnessite showing potassium ions intercalated with water23 
1.4.2 Todorokite type of MnO2 
Todorokite is another polymorph of MnO2 because of its large tunnel size of 3 x 3. Its tunnel 
size is the reason, many in the research community place special faith in its ability to intercalate 
multivalent ions. However, it must be noted that the intercalation behaviour of metal cations is 
largely unexplored for this type of MnO2, which is the focus of our thesis. The hydro-thermal 
synthesis of todorokite is quite sensitive and time consuming and great attention must be paid 
while performing the steps in the procedure to get a good yield of the todorokite type of MnO2 
powder. The reason the research community places good faith on todorokite is because 
extensive study has been done on other polymorphs of MnO2 involving multivalent ions which 
have smaller tunnel or layered crystal structure 9–11,16,24. The vacant d-orbitals of the Mn atoms 
in the crystal structure hosts the incoming electron from the external circuit. This is how the 
guest ionic species forms bonds with the transition metal oxide crystal structure and the valency 
of the Mn atom changes. As the charge on the multivalent cation increase, its chances of 
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electrostatic interaction with the walls of the tunnel while diffusing inside the crystal structure 
and its interaction with the electrolyte media is considerably enhanced 15. It is for both the 
above reasons, that todorokite must be the centre of focus now for battery systems intending to 
use intercalation principle. It is expected that the larger tunnel size of todorokite will help 
facilitate a smoother passage for the multivalent ion through itself. It is observed that after a 
couple of cycles the structure begins to disintegrate, and the battery starts to lose its capacity. 
As mentioned above, we say for multivalent ions, the strong electrostatic interaction is 
responsible for this. However we observe the same behaviour even for Li ion batteries 
employing todorokite as the cathode material25. At the same time, Kumagai et al.25 report that 
todorokite can contain less magnesium if it is hydrothermally treated with water at a higher 
temperature of 200 0C which demonstrates a better capacity against a 160 0C hydrothermally 
treated todorokite. In our synthesis we hydrothermally treat the Mg-buserite phase at 160 0C. 
Also todorokite against lithium operates between a voltage window of 4.2 – 2 V26. Though 
discrepancies exist like whether the structural water present after the synthesis is good or not 
for the elasticity of the crystal structure, however there is great agreement that the diffusion 
kinetics is definitely better compared to other forms of MnO2
26. 
Duncan et al. share a very important insight into our understanding of todorokite structure26. 
They report, that based on the preparation of the mixed oxidation state of birnessite, which is 
the precursor of the todorokite structure, the final structure of the todorokite varies a little. They 
mention that based on the method of synthesis, one forms a pure structure while the other forms 
a Mg doped structure. They are respectively represented as O2-TDK and MnO4-TDK. Apart 
from the thermal stability being greater for the latter, the structures vary primarily on the 
content of Mg ions present within them. The interlayer space in both the ‘types’ of todorokite 
contain hydrated Na+ ions between them. The MnO6 octahedra share edges and corners to form 
a continuous chain of structure during the formation of birnessite phase. However, every sixth 
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octahedra leaves a vacant site that could be occupied by a cation. From what is understood 
from the research paper. the difference between the two types is that, in O2-TDK, the structure 
contains only MnO6 octahedra as the sides of the tunnel wall with Mn
2+ occupying the vacant 
site while for MnO4-TDK during the formation of MnO4-Birnessite phase, the oxidizing agent 
Mg(MnO4)2 used in the synthesis mentioned in the paper (we use MgSO4.7H2O as the oxidizing 
agent) replaces some of the Mn present in +2 oxidation state in the structure with Mg2+ ions. 
These Mg2+ ions are then present between the two sets of MnO6 octahedra as part of the walls 
of the todorokite. At the same time, in both the cases hydrated Mg2+ ions are also present as a 
small constituent between the tunnel walls due to the synthesis procedure. So, when we 
‘charge’ our battery, the Mg2+ ions incorporated into the crystal structure and the ones present 
as the hydrated minor constituent between the walls leave the structure and enter the electrolyte. 
However not all the incorporated Mg2+ leave the crystal structure at the same time to enter the 
electrolyte. This is a gradual process that occurs over various charge steps. But the gradual 
entry of incorporated Mg2+ ions into the electrolyte during the initial charge phases leaves 
vacant sites in the todorokite crystalline tunnel structure. This vacancy causes the tunnel 
structure to weaken. The weakening leads to decreased capacity to intercalate the multivalent 
metal cation thus we experience a capacity fade over many cycles. According to S.Ching et 











Figure 1.11: Pictorial representation of 3 x 3 tunnel structure of Todorokite28 
 
1.5 Objectives of the thesis 
The present thesis establishes the feasibility of electrochemically intercalating multivalent 
cations into crystalline manganese dioxide structures. More specifically, both trivalent 
aluminium cations and divalent zinc cations will be studied in conjunction with two crystalline 
polymorphs of MnO2, the layered structure called birnessite phase and the tunnelled structure 
called todorokite phase. However, the todorokite phase of MnO2 as an intercalation cathode 
remains largely unexplored for battery application. Due to its large tunnel structure it holds a 
better chance of successfully intercalating multivalent ions. The goal of the current thesis is to 
explain the intercalation behaviour of todorokite and birnessite cathodes against aluminium 
anodes in ionic liquid salt electrolyte and aqueous electrolyte and as well as explain 
intercalation behaviour of todorokite cathode with respect to zinc anode in an aqueous 
electrolyte. More generally, the insights that contain herein lay the scientific groundwork aimed 
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Chapter 2: Experimental methods 
The research community depends very heavily on experimental techniques because this gives 
life to their hypothesis or theory regarding a phenomenon. Different experimental methods are 
meant to explore the different facets of the battery. They help understanding the behaviour of 
the battery in certain situations. They also help identify the limitations of a combination of 
cathode, electrolyte and anode that are used in a battery. More importantly after such 
limitations are identified and suitable thought process for course correction is employed, 
performing the same experiment once again under the same circumstances throws light on 
whether the influencing variable was singled out or further measures need to be taken to find 
out the influencing variable. It is expected that when an experiment is carried out considering 
the same circumstances the outcome should be the same. Repeating the same experiment under 
the same circumstances and arriving say, at a different conclusion than established from 
previous research or observations, helps one trace their steps back and understand the 
anomalies while performing the experiment or in providing a sound understanding of the 
observed phenomenon. For our batteries we have pursued four such experimentation 
techniques. This will help us provide evidence to support our understanding or hypothesis of 
the intercalation mechanism for the multivalent metal cations. 
Four of these methods are: 
2.1) Galvanostatic cycling (GC) 
2.2) Cyclic voltammetry (CV) 
2.3) X ray diffraction technique (XRD) 




2.1 Galvanostatic cycling 
Galvanostatic cycling is the primary and the most widely performed experiment the battery 
was tested on for the current thesis. The battery testing was done by galvanostats manufactured 
by Arbin instruments. GC is a control experiment where the current flowing through the battery 
is kept constant. The changes in the resistance of the battery are measured and the output of 
this measurement is expressed in terms of voltage in the raw data plot.  
Vv = I0 x Rv  
Here, Vv represents the variable voltage, Rv represents the variable resistance the battery 
experiences during GC and I0 is the constant current that the galvanostat sends through the 
battery 
The amount of current that is passed depends on the electroactive material present on the 
cathode surface. For our thesis we consider passing current densities of 10 and 50 mA.g-1 over 
a particular cycle and observe the specific capacity of the battery over the current cycle and the 
subsequent ones. Galvanostatic measurements are widely used in industries to identify 
corrosion in metals. The cyclic data helps us understand whether the battery functions as a 
primary (single use) or secondary (rechargeable) cell. The specific capacity also helps us 
determine the feasibility of the cell. If the specific capacity of the charge and discharge process 
is acceptable after the battery has undergone many cycles, we know that this combination of 
cathode, anode and electrolyte has potential for further observation.   
Galvanostatic plots gives one a good understanding about any electro-chemical intercalation 
occurring in the battery with the cathode. This is expressed by a voltage plateau on the raw data 




Figure 2.1 Raw data plot from Arbin describing side reactions occurring in battery 
 
Figure 2.2 Raw data plot from arbin showing intercalation occurring in cathode 
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plateau. However, it is easy to determine actual electro-chemical intercalation from other side 
reactions or corrosion from the galvanostatic plots. 
The figures 2.1 and 2.2 describe the difference between side reaction and intercalation. The 
figures are meant to elucidate the difference between the two phenomena as both appear as 
plateaus on the plot. The figures are raw data of the batteries assembled for GC in our lab. 
The jagged blue line refers to the fluctuations in voltage at the end of first discharge in figure 
2.1. This means that a side reaction was occurring within the battery. In figure 2.2 we see 
clearly that the blue line forms plateaus in the raw data plot which, unlike the previous plot is 
not fluctuating rapidly, but instead exhibit a curve as the voltage of the battery decreases. The 
brown line in both the plots refer to the discharge capacity of the battery. It also becomes clear 
from figure 2.2 that the second and subsequent discharges are quite less as compared to the 
first discharge plot, which hints at the fact that this battery chemistry works like a primary cell. 
When a battery runs for many cycles its specific capacity slowly begins to fade. The GC 
experiment shows for how many cycles of discharge and charge, the battery has survived thus 
giving us an estimate of the feasibility of the cathode and electrolyte combination. The specific 
capacity of any battery on galvanostatic testing can be found by the formula below: 








2.2 Cyclic Voltammetry 
Cyclic voltammetry or CV is a very powerful tool that sheds light on the oxidation and 
reduction processes of a combination of anode, cathode and electrolyte. Cyclic voltammetry 
tests were performed by multi potentiostat manufactured by Bio-logic Science instruments. 
 
Figure 2.4: Picture of the bio-logic potentiostat used for cyclic voltammetry 
Elgrishi et al.1 in their paper gives a very clear understanding of the mechanics of CV process. 
For this plot, the voltage is on the x axis and the current response is on the y axis. CV works 
on the principle of Nernst equation, which is described below, 
E = E0 + 
𝑅𝑇
𝑛𝐹




Nernst equation gives a relation between the potential of the battery at a stage with respect to 
the standard potential (E0), temperature (T), concentration of oxidation and reduction species 
in the electrochemical cell. R and F are the gas and Faraday constants respectively in their 
appropriate units while n is the number of electrons transferred in the electrochemical 
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processes. The Nernst equation thus describes a powerful way to estimate the potential of an 
electrochemical cell on the variation of these parameters. When the battery is assembled there 
will be an open circuit potential of the battery. The response of the battery to a specific voltage 
will help us identify the oxidation and reduction peaks. According to the equation, if the applied 
voltage is not equal to the standard potential of the electrochemical cell, then the reaction will 
proceed in a direction until the oxidant and reductant concentration become equal, thus 
achieving equilibrium. Similarly, when the opposite potential is applied to the same battery, 
the same movement towards equilibrium is observed but this time the reaction will try to 
achieve equilibrium from the opposite direction. The movement towards equilibrium 
experienced by an electrochemical cell on the application of a potential difference gives the 
‘duck’ shape of the CV plot, which is demonstrated below, 
 
Figure 2.5: Representation of the CV plot 1 
The stages from A to G represent the various stages of potential difference the battery must go 
through and its response in terms of current. MnO2 is an electron deficient cathode. So, when 
the battery is discharged, the multivalent metal ions enter the crystal structure to intercalate. 
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Thus, in the case of our cathodes it can be said that as the voltage sweep increases the potential 
difference applied to the electrochemical cell during CV, the cathode undergoes oxidation. 
Similarly, when the voltage sweep is reversed the cathode undergoes reduction near its surface. 
The points B and E corresponds to the state where the concentrations of oxidant and reductant 
are almost same. 
The scan rate or sweep rate also plays a very important role in CV. The slower the scan rate 
the sharper the peaks of the CV plot indicating the oxidation and reduction processes occurring 
in the electrochemical cell. While if the scan rate is fast, the peaks are quite abstruse. For the 
CV plots shown, the batteries were scanned at 0.1 mV per second. A very important principle 
in CV that highlights the importance of scan rate is the Randles-Sevcik equation. The Randles-






Here, ip (A) refers to the peak current, n and F are the number of electrons transferred in the 
redox reaction and the Faraday constant respectively, v (V.s-1) represents the scan rate of the 
CV plot, A(cm2) is the electrode surface area, D (cm2.s-1) is the diffusion coefficient and C0 
(mol.cm-3) is the bulk concentration of the analyte. This equation shows that the peak current 
(ip) varies linearly with the square root of the scan rate (v). The Randles-Sevcik equation clearly 
gives an indication whether the species is freely diffusing in the solution or is adsorbed on the 
surface. For species that adsorb over the surface, the current response is: 
 
Figure 2.4: Pictorial representation of the peak current equation for adsorption on electrode1 
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Where Γ* refers to the surface coverage of the adsorbed species (mol.cm-2) where all the 
remaining symbols represent the same as the Randles-Sevcik equation. We can see that for the 
adsorbed species the variation of current will be linear to scan rate and not to its square root. 
Thus, plotting the current vs (scan rate)1/2 graph will reveal to us whether the species is freely 
diffused or is adsorbed over the electrode surface. Another important feature is that for freely 
diffusing species, if the scan rate is varied, the peak to peak separation between the oxidation 
and reduction processes are affected. This is not the case when the species is adsorbed over the 
surface. When the species is adsorbed no peak to peak separation is noticed. The presence of 
sharp peaks during the oxidation and reduction of an electrode on slow scan rates and the 
separation of peaks when scan rates are varied are a good indication of the reversibility of the 
battery chemistry. Thus, performing CV, one gets a fairly good idea whether the battery 
electrochemistry is reversible in nature and requires further speculation.  
2.3 X-ray diffraction 
This is a very useful characterisation technique. XRD helps identify whether the sample has a 
crystallographic or amorphous structure. As all crystals have unique XRD pattern, it helps 
identify the crystal that is being tested. It is sort of like a fingerprint for material 
characterisation. The difference between crystalline and amorphous substances are that in 
crystalline substances the atoms are arranged in very orderly function over a long range in the 
crystal structure while for amorphous solids the rigidity of the order is very short range. Taking 
advantage of the fact that in crystal structure the atoms are all placed at regular intervals, beams 
of invisible and high energy light are sent towards the sample. X-rays are very high energy 
invisible light that have wavelengths in the range of 0.01 to 10 Nano-meters (nm). The distance 
between the atoms in the crystal structure is also a few nanometers. The reason X-rays can 
show diffraction pattern when shone on a crystal structure, but not visible light or UV rays, is 
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because the wavelengths of the X-rays are comparable to that of the distance between the 
atoms. The principle of X ray diffraction is based on the constructive interference by 
monochromatic X rays elastically scattered at specific angles due to the crystallinity of the 
sample. When monochromatic X rays are sent towards the sample, due to the lattice planes 
present within the crystal, the atoms scatter the incoming X rays at specific angles. When the 
atoms present within the crystal lattice scatter the incoming X rays, the scattered rays that are 
in phase undergo constructive interference. This constructive interference shows up as peaks 
in the X ray diffraction plot. However, it must be noted that all peaks do not possess the same 
intensity on the X ray diffraction plot after constructive interference. The intensity depends on 
the position of the atoms present within the crystal lattice planes. Thus, based on the atomic 
arrangement of the crystal, the diffraction pattern will be generated. A quick matching of the 
peaks of the generated diffraction pattern from the sample with an already validated diffraction 
pattern of the crystal will reveal whether the sample matches the crystallinity of the interested 
sample. 
For our experiments we used Panalytical X’pert pro, X-ray diffractometer. The way an XRD 
machine works is, there is a sample placed on a stand which is kept very steady. Then there is 
an X ray tube that sends beams of X rays towards the sample. The X ray detector in the XRD 
machine moves in a synchronised pattern with the X ray tube recording the intensity of the X 
rays that are incident on the receiver. At certain angles when the detector probe records 
constructive interference it shows a large peak on the intensity vs angle plot and that is how 




Figure 2.6: Representation of an XRD image2 
The slower the read angle of the XRD machine and the purer the sample containing the crystal 
structure, the sharper the peaks observed on the intensity vs angle plot. The angle between the 
incident and the scattered X ray waves is taken as 2θ. Thus, from the geometry of the atoms, 
the exact angle at which such constructive interference will occur can be determined. This law 




Figure 2.7: Representation of the derivation of the Bragg’s law 
The angle of the triangle shown is half the angle between the incident and the scattered beam 
while d represents the interatomic distance in nm and 
𝜆
2
 is the wavelength of the incoming X 
ray. Thus, taking the sine of the above angle, we get: 




 nλ = 2d.sin θ 
The above equation is referred to as Bragg’s law where ‘n’ represents the number of waves that 




Figure 2.8: X-ray diffraction machine 
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2.4 Nuclear Magnetic resonance spectroscopy 
This is the most expensive of the all the above experimentation methods. It depends on the 
physical concept that a moving charge in space will create its own magnetic field. Only atomic 
nuclei having an odd number of neutrons or odd number of protons will be detectable by this 
method. Thus, atoms like 1H, 13C, 15N, 19F and 31P can be detected by an NMR machine. This 
is because if there is an even number of neutrons and protons, then pairing of these nucleons 
takes place which result in the net spin of the atomic nucleus being zero. If the net spin is zero, 
then no net magnetic moment is produced and hence the nucleus will be invisible to the 
spectroscopy machine. For liquid NMR, Oxford instruments magnetic resonance was used to 
analyse the electrolyte contents. 
Now in a sample, the atoms are spread randomly which means that the spins or orientation of 
the magnetic moments are not in a specific direction. Now when an external magnetic field is 
applied to this sample, all the net magnetic moment of the atoms gets aligned in relation to the 
externally applied magnetic field.  
Now when a magnetic field is applied, the atoms have two options, either to align their 
magnetic moments in the direction of the externally applied magnetic fields or to align 
themselves in the direction opposite to that of the magnetic fields. Mostly the atoms will align 
themselves in the direction of the applied magnetic field. It is in this state they will have low 
potential energy. This state is called the α-spin state. If, however they choose to orient 
themselves against the direction of the magnetic field, then the atoms will be in a state of higher 
potential energy. This state is called the β-spin state. The difference between these two energy 
states can be overcome by shining radio-frequency waves.  Upon shining these waves, the 
atoms at the lower energy state jump to the higher energy state or in other words atoms which 
had their net magnetic moments aligned in the direction of the external magnetic field will now 
57 
 
align themselves against it. However, this state of higher potential energy cannot be sustained 
for long by these atomic nuclei and thus they will fall to the lower energy state by releasing the 
same amount of energy that they absorbed in the form of radio waves. It is important to note 
that all atomic nuclei will not absorb the same frequency of radio waves. This is because when 
the atoms are surrounded by different groups present in the compound, their surrounding 
magnetic environment is affected. Thus, the response signal from the NMR machine is also a 
good indicator of the kind of bonds or the individual functional groups that surround the 
interested atom.  
When these atomic nuclei fall from the β state to the α state and release the absorbed energy, 
many atoms present in the sample will perform the same action at the same time. At a specific 
frequency, considering its own spin and its chemical bonding environment, the atomic nuclei 
will constantly shift between the α and the β states.  
During the event of the atomic nuclei returning to its ground state, constructive interference 
occurs by the released radio waves and the signal is greatly amplified. This phenomenon of 
matching the incident radio-waves with the radio waves that will correspond to the energy 
difference between the α and the β states is called resonance. The output plot of intensity vs 
energy or frequency gives clues to the various kinds of environment the atomic nuclei is 
exposed to in the sample.  
Now the energy difference between the two states (denoted by ΔE) is given by the relation 
described below: 




Where G corresponds to the gyro magnetic ratio, B represents the external magnetic applied 
field while h is the plank’s constant. This above relation tells us that the energy difference 
58 
 
between the two states is directly proportional to the externally applied magnetic field. This 
gyromagnetic ratio is different for different nuclei and is a constant. 
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Chapter 3: Synthesis and Assembly 
In this chapter we discuss the ways in which the cathode was synthesized and casted over 
current collectors to be used in batteries. A distinction was made between batteries based on 
the electrolyte used. For ionic liquid salt based electrolytes like AlCl3/Emim[Cl], molybdenum 
sheet was used to cast the cathode material. Similarly, for the aqueous electrolytes, the cathode 
was cast on stainless steel. The respective choices were made because of the corrosion reaction 
between the current collector sheet and the electrolyte. Also, Swagelok cell batteries were used 
to run various experiments. Both the types of Swagelok cells, small and big were utilised 
according to the need of the experiment. 
3.1 δ-MnO2 or birnessite synthesis 
δ-MnO2 or Birnessite was synthesized using the simple hydrothermal method as described by 
Duan et al1. The decomposition reaction as per Duan et al, is  
4 KMnO4 + 2 H2O → 4 MnO2 + 4 KOH + 3 O2 
According to the paper, 6 millimoles of KMnO4 was dissolved in 15 ml of water to put into a 
20 ml autoclave flask.  
1. For our synthesis, since we used a 50 ml autoclave, proportionally we dissolved the 
KMnO4 in 37.5 ml of water. Now, 6 millimoles of KMnO4 translates to 0.948 mg. Thus, 
to keep the molarity of the solution same as the paper (4 x 10-4 M), approximately 2.37 
g of KMnO4 was dissolved in 37.5 ml of water.  
2. Next the solution was sealed and kept inside an autoclave to be heated to 180 0C for a 
duration of 24 hours.  
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Figure 3.2: Photo of δ MnO2 powder 
4. The resultant slurry was separated using ceramic sheet in a vacuum flask. The slurry 
was washed several times with 60 % ethanol and deionized water. 
5. The final product was then dried inside an oven overnight at 80 0C. 
 




The resulting XRD images confirm that the synthesized structure is δ-MnO2 or birnessite. 
There are impurities present within the powder, however majority of the powder consists of 
birnessite phase of MnO2. The synthesis process develops the nanowall structure of δ-MnO2. 
3.2 Todorokite synthesis 
Todorokite is formed by the hydrothermal synthesis as mentioned by Lee et al 3. 
1. Slowly 1M MnSO4.H2O of 20 mL capacity is mixed with 6M NaOH of 30 mL capacity. 
This means 3.02 g of Manganese Sulfate monohydrate and 7.2 g of Sodium hydroxide 
are taken in their respective solutions. 
2. After the above mixture is stirred for a while, a mixture of 3.2 g of (NH4)2S2O8 and 0.7 
g of MgSO4.7H2O are added slowly and stirred for a duration of 2 hours. 
3. Now the resulting Na-birnessite is filtered in a vacuum flask and washed with deionized 
water 3 or 4 times. 
4. The remaining slurry is then added to 1M MgCl2 of 300 mL capacity. This means 28.56 
gms of Magnesium Chloride is dissolved with 300 mL of deionized water. 
5. MgCl2 is added to water in the fume hood as HCl fumes are formed. 
6. The above mixture of MgCl2 solution and Na-birnessite is made to stir for 24 hours.  
7.  The resulting slurry is again filtered in a vacuum flask and washed with distilled water 
3 or 4 times to remove all the free ions. 
8. Then the filtered material is poured in an autoclave with some distilled water and heated 
at 160 0C for 24 hours. 
9. The product was cooled naturally after being washed with distilled water thoroughly 




Figure 3.3: Comparison of XRDs to confirm the synthesis of todorokite3 
There are impurities that exist with the todorokite synthesis as evident from the XRD. 
However, the major structure present is of the 3 x 3 tunnel structure. 
3.3 Synthesis of composite cathode 
After synthesizing the cathode material according to the processes mentioned above, it needs 
to be cast on current collectors. The method of casting them is of great importance because it 
is from these sheets the cathodes for the batteries will be punched for experimentation. It must 
be understood that the synthesized cathode powder is non-conducting. In order to make it 
conductive, carbon black is used that helps transport electrons in the structure during an 
electrochemical cycle. At the same time to make the mixture of cathode powder and carbon 
black stick to the current collector sheet surface, a binder is used like polyvinylidene difluoride 
(PVDF). The proportion of the various elements of our composite cathode is 70% synthesized 
cathode powder, 25% carbon black and 5% PVDF. The total weight of the composite cathode 
to be cast on the current collector sheet is 0.5 mg. Based on the total weight of the composite 





To make the composite cathode sheet for a 0.5 mg total weight: 
1.  A mixture of only the synthesized cathode powder of 0.35 mg and carbon black of 
0.125 mg are put in a ball mill vial (figure 3.4). 
 
Figure 3.4: Photo of vial placed in ball mill machine  
2. The ball mill vial is put to ball mill in the machine (figure 3.5) for an hour. 
 
Figure 3.5: Photo of ball mill machine 
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3. Carbon black being extremely voluminous takes up most of the space in the vial. 
4. After an hour the well mixed synthesized cathode powder with carbon black is 
dissolved in a 5% by weight PVDF solution. For our cast, we take 0.5 mg of the PVDF 
solution to match it with the percentage composition of our cathode. The PVDF is 
dissolved in N-Methyl-2-Pyrrolidone (NMP).   
5. Using the pestle, the slurry is carefully mixed in the mortar. This is done to create a 
homogenization of the synthesized powder, carbon black and binder. 
6. The rubber spatula is then used to extract the slurry and paste it on a well cleaned sheet 
of current collector. 
7. The current collector sheet must be thoroughly cleaned before casting to avoid the 
presence of any particulate matter or dust. 
8. The casted sheet is then placed in the fume-hood overnight for evaporating the NMP. 
9. After drying it overnight, the sheet is then placed in an oven at 90 0C for a day. 
10. The sheet is then cooled naturally before cathodes are punched from it. 
3.4 Swagelok cell assembly 
The advantage of Swagelok cells over coin cells is that smaller surface area of the composite 
cathode sheet needs to be punched. When using the smaller Swagelok cells, for our batteries 
we punched 6 mm diameter of composite cathode surface. A 7 mm diameter of separator was 
used and a 6 mm diameter anode belonging to zinc or aluminium was punched depending on 
the type of battery to be assembled. The current collector rods used in the battery are either of 




Figure 3.6: A Swagelok cell  
 
 




Figure 3.8: Separators used in the battery as per the electrolyte 
For the bigger Swagelok batteries, a 11 mm diameter anode and cathode are used with a 13 
mm diameter of separator. The assembly of the bigger Swagelok being the same as the smaller 
Swagelok cells. The Swagelok cells are used in galvanostatic testing, for charge and discharge 
purposes and cyclic voltammetry. For AlCl3/Emim[Cl] batteries, molybdenum rods and glass 
fiber paper are used as current collector rods and separators respectively. While for aqueous 
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Chapter 4: Al - δ MnO2 battery 
δ-MnO2 or birnessite is the layered polymorph of MnO2. Its interlayer spaces are where the 
intercalating multivalent guest ion hosts itself. Birnessite has been used as cathode against 
lithium, magnesium and zinc metals 1,2,3,4. In this chapter we explore the interactions of 
aluminium ion against δ-MnO2 in an ionic liquid salt environment of AlCl3/Emim[Cl] and in 
aqueous media. Results of galvanostatic tests, cyclic voltammetry, XRDs and NMR are 
provided to support the conclusions drawn. 
4.1 Using AlCl3/Emim[Cl] liquid ionic salt as electrolyte 
Small Swagelok cells were assembled using the liquid ionic salt as the electrolyte inside a 
glovebox of argon gas environment for testing the battery. The results are described below. 
4.1.1 Galvanostatic cycling 
The results of the galvanostatic cycling are shown below. The experiments are ran for 10 and 
50 mA.g-1 respectively. Small Swagelok cells are used to run the galvanostatic cyclic. The 
synthesized δ-MnO2 has the nanowall structure based on the synthesis parameters used
3. The 
voltage for the cycling was set between 0.35 to 2.2 V. Glass fiber was used as separator for all 
AlCl3/Emim[Cl] batteries as it does not react or corrode it.  
4.1.1.1 At rate of 10 mA.g-1 
At a slower rate of current density, it is expected that intercalation species would diffuse 
deeper into the cathode structure.  
The birnessite nanowalls used as cathode provide a good primary specific discharge capacity 




Figure 4.1: Galvanostatic cycling data representation at 10 mA.g-1 
 
Figure 4.2: Coulombic efficiency plot for 10 mA.g-1 battery 
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experiences a capacity of less than half of the first discharge cycle and subsequently we observe 
a slow capacity fade over following cycles. The first discharge capacity exhibited by our battery 
is greater than the one reported by Eckert et al.5 of 5 mAh.g-1 for the same battery system.  
This combination of cathode, anode and electrolyte behave as a non-rechargeable battery. 
Birnessite structure is known to have a slightly negative overall charge, which can be 
compensated by the insertion of a positive cation in between the interlayers6. However 
AlCl3/Emim[Cl] with the addition of AlCl3 salt, is known to form aluminium complexes of 
AlCl4
- and Al2Cl7
- that become the electroactive charge carriers within the electrolyte medium7. 
Thus, in order to intercalate into the birnessite structure, the aluminium in the ionic complexes 
must forego the chloride ions bonded to it. Since the dissociation of the aluminium complexes 
of AlCl4
- and Al2Cl7
- into Al3+ ion is poor in AlCl3/Emim[Cl] media, the rechargeability of the 
battery, given the negative nature of the cathode and the charge carrying electroactive ionic 
complexes, is unable to happen. The central Al3+ metal cation is well bonded with the 
surrounding Cl- ions for any dissociation to take place5.  
4.1.1.2 At rate of 50 mA.g-1 
At a higher rate of 50 mA.g-1, the specific capacity obtained is lower than 10 mA.g-1 as 
expected. At slower capacities electrochemical diffusion reactions happen for a longer duration 
of time and thus we observe greater specific capacities as compared to greater current densities. 
However inspite of the low specific capacity that is obtained, we notice the same percentage of 






Figure 4.3: Galvanostatic plot for 50 mA.g-1 
 
Figure 4.4: Coulombic efficiency plot for 50 mA.g-1 
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4.1.2 Cyclic voltammetry 
Cyclic voltammetry is employed to study the oxidation and reduction processes occurring 
within the battery chemistry. Figure 4.5 represents the cyclic voltammetry of the aluminium 
birnessite AlCl3/Emim[Cl] battery. The scan rate was 0.1 mV/s between 0.35 to 2.2 V. We 
observe that the CV plot shows there is only one sharp reduction peak occurring close to the 
lower limit of voltammetry scan for the first cycle. At the same position in subsequent cycles, 
the reduction peak is not very pronounced signifying that the reduction reaction that occurred 
in the first cycle is not repeated and can be understood as irreversible.  
 
Figure 4.5: Cyclic voltammetry of Aluminium birnessite AlCl3/Emim[Cl] battery 
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It is mentioned in Eckert et al.5 that at voltages below 0.8 V we see an irreversible manganese 
reduction. Perhaps the sharp reduction peak observed in the voltammetry signifies that. 
Another slight reduction peak is observed near 1.3 V. This reduction peak is consistent in all 
the cycles though it shifts to slightly lower potentials every following cycle. At the same time, 
the oxidation peak present near the upper limit of voltammetry scan is consistent and sharp in 
all the cycles that are shown. The bluntness of the reduction peak at approximately 1.3 V and 
the sharpness of the oxidation peak at 2.1 V, could signify that within the battery chemistry, 
the ionic species that is reduced is diffused slowly towards the cathode. However, on reaching 
the correct voltage of oxidation the reduced ionic species is immediately dispersed into the 
electrolyte media. The only ionic species present in the electrolyte media having a positive 
charge is Emim+. This ionic species being bulky travels slowly towards the cathode to be 
reduced. Also, the presence of other large aluminium chloride complexes near the cathode like 
AlCl4
- and Al2Cl7
- makes the diffusion of Emim+ towards the cathode difficult. However, 
Emim+ do not intercalate into the crystal structure owing to its large size but might only get 
adsorbed over the electrode surface and on the application of the correct oxidation voltage they 
leave the adsorbed surface into the electrolyte media. Thus, a capacitive behaviour is displayed 
on their part. The CV plot suggests that this combination of cathode, anode and electrolyte 
battery chemistry is irreversible.  
4.1.3 XRD analysis 
XRD on the cathode of the battery after only first discharge and after first discharge and charge 
are shown below. They will reflect whether the cathode retains its structure after an 
electrochemical cycle. The Swagelok cell was disassembled inside a glovebox owing to the 
sensitive nature of AlCl3/Emim[Cl] electrolyte present in the battery. The cathode was then 
carefully removed and washed twice with dichloromethane (DCM) in a glass vial to dissolve 
the excess AlCl3/Emim[Cl] present on the cathode surface. The cathode was then kept inside 
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the glovebox before being taken for XRD imaging. There was a possibility that a surface layer 
was being intact inspite of the washing with DCM. Hence another cathode was prepared, and 
this was washed with methanol. The XRDs of both the cathodes are presented (figure 4.6). 
Both the plots contain the same peaks at the same positions but differ only in intensity. The 
plots are presented from 7- upto 55- degree of angle since the very sharp peak at 60 degree, 
present because of Molybdenum foil, obscures the peaks present in the rest of the XRD plot.  
 
Figure 4.6: Comparison of DCM and methanol washed cathodes 
As the intensities between the two peaks differ, we can conclude that washing the cathode with 




Figure 4.7: Comparison of pristine cathode vs 1st discharge vs 1st discharge and 1st charge 
The plots of discharge only and discharge and charge step are shown in Figure 4.7. The plots 
are presented between 15- and 55-degree angle for comparison to provide clarity of any 
structural change that occurs because of the electrochemical cycle. We observe that the cathode 
structure remains the same at the end of the charge step. It could thus be hypothesized that no 
intercalation takes place in the cathode. From the CV plot, we have seen that the electrodes 
show an absorption and desorption behaviour. The XRD of the cathode confirms this theory. 
The charge carriers of the electrolyte being aluminium complexes of chlorides having negative 
charge7, cannot intercalate themselves into a slightly negative crystalline cathode6 structure 
like birnessite and hence we see no structural change in XRD. 
4.1.4 NMR 
NMR performed on the aluminium birnessite AlCl3/Emim[Cl] electrolyte battery sheds light 
on the intercalated species inside the cathode structure. NMR was performed on two separate 
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discharged cathodes, with one being washed with DCM while the other being washed with 
methanol.  
 
Figure 4.8: NMR spectra of 27Al, cathode washed with DCM 
Figure 4.8 indicates that the amorphous surface layer that is formed does not get affected by 
DCM. On the other hand, figure 4.9 displays the NMR plot of washing the cathode with 




Figure 4.9: Methanol washed birnessite cathode in AlCl3/Emim[Cl] electrolyte battery 
Figure 4.9 displays that the surface layer is washed off with methanol and this enables us to 
study the contents of the cathode better. Now from the 27Al NMR spectroscopy we can say that 
there is a small quantity of Al(IV) and Al(V) coordinated environments that show up. This is 
possible perhaps due to adsorption of aluminium ion complex species on the cathode surface. 
4.2 Using aluminium triflate aqueous media as electrolyte 
One of the conclusions of the present thesis is that chloroaluminate ions present in ionic liquids 
like AlCl3/Emim[Cl] do not display intercalation behaviour into the cathode. Since MnO2 is 
found to work better in aqueous systems, we tested the combination of cathode and anode 
against an aqueous electrolyte to study its results. This was however not intended while 
establishing the motive for the present thesis. The results of galvanostatic cycling and cyclic 
voltammetry are presented below. Compared to the aqueous aluminium todorokite batteries, 
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which is discussed later in this thesis, the results of this experiment are quite intriguing. Further 
study is necessary in this direction to solidify the understanding of intercalation mechanism.  
4.2.1 Galvanostatic cycling  
Galvanostatic cycling was performed on the aqueous aluminium birnessite battery at current 
rates of 10 and 50 mA.g-1. It poses some interesting observations when compared with aqueous 
aluminium todorokite batteries. 
4.2.1.1 At rate 10 mA.g-1 
 




Figure 4.11: Coulombic efficiency plot for the 10 mA.g-1 
Figure 4.11 of galvanostatic cycling displays a specific capacity of approximately  
27 mAh.g-1. Most of the aqueous aluminium todorokite batteries assembled displayed 
capacities around this magnitude. Also, on comparison with aqueous aluminium todorokite we 
see that there are two plateaus on the galvanostatic plot just like we will see in the aluminium 
todorokite aqueous battery.  
4.2.1.2 At rate of 50 mA.g-1 
At a faster rate it is expected that the specific capacity would be lower. However, in this case 
it does not appear to be so. The specific capacity appears to be similar compared to the battery 
at 10 mA.g-1 rate with capacity fading in subsequent cycles. However compared to the slow 




Figure 4.12: Galvanostatic cycling representation of 50 mA.g-1 
 
Figure 4.13: Coulombic efficiency plot for 50 mA.g-1 
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quite dissolved. This means though the battery commences with a higher capacity, the 
intercalation behaviour is quite compromised at higher current rates. 
4.2.2 Cyclic voltammetry 
The cyclic voltammetry experiment performed on the aqueous aluminium birnessite battery 
compared to the aqueous aluminium todorokite battery sheds some very useful insight into the 
electrochemical activity occurring in the battery. The battery was first swept to the higher 
potential limit meaning charged first and then swept to the lower potential limit. The cyclic 
voltammetry plot looks very similar to the cyclic voltammetry plot represented by the aqueous 
aluminium α MnO2 battery
7. The first peak present in the cyclic voltammetry plot can be 
attributed to the already present Mg in the structure8. There are two peaks observed of different 
intensities during the discharge phase of the battery in the cyclic voltammetry experiment. Both 
the peaks fade during the progressive cycles. There are two reduction peaks while there is only 
one oxidation peak which shows that one of the intercalated species is undergoing an 
irreversible reaction at the cathode side during discharge.  
The irreversible reaction could be the reason for capacity fade over subsequent cycles. This is 
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Chapter 5: Al- Todorokite battery 
Birnessite being the layered polymorph of MnO2, todorokite is the 3 x 3 tunnel type structure 
of MnO2. Todorokite is the central focus of our thesis. This polymorph is quite unexplored for 
its cathode properties in aluminium ion batteries. This chapter can be divided into two parts 
based on the electrolyte used in the both the batteries. One is the ionic liquid salt based 
electrolyte which is AlCl3/Emim[Cl] in 1.5:1 molar ratio and the other is 1M of aqueous 
solution of aluminium triflate salt solution. Both have quite interesting results to display. 
Inferences are drawn based on the outcome of various tests subjected on the batteries. The 
aqueous aluminium triflate electrolyte batteries are the ones that have great potential for further 
investigation. Being aqueous the major advantage is that it does not need special environment 
for assembly and is safer compared to using AlCl3/Emim[Cl] ionic liquid salt based electrolyte. 
5.1 Using AlCl3/EmimCl liquid ionic salt as electrolyte 
Just as the Swagelok cell by which the battery is tested, the glovebox is an integral part of the 
assembly process for Aluminium batteries (AIB) employing AlCl3/Emim[Cl] ionic liquid 
electrolyte. The first use of AlCl3/Emim[Cl] as electrolyte was suggested in the research paper 
by Glifford and Palmisano1, inspite of which less exploration for its use in AIBs was pursued. 
Tests performed on these batteries reveal the nature of the battery behaviour.   
5.1.1 Galvanostatic cycling 
Galvanostatic cycling for this battery was carried out between the voltages of 0.35 and 2.2 V 
and at 10 and 50 mA.g-1. The cycling will give us an understanding of any intercalation 
behaviour that the battery will experience at slow and fast rates of current density.  
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5.1.1.1 Current density of 10 mA.g-1 
From figures 5.1 and 5.2, it becomes clear that even todorokite behaves the same way as δ-
MnO2 when the electrolyte is AlCl3/Emim[Cl]. The first discharge is high whereas the 
subsequent discharges experience good capacity fade. Just as in the case of birnessite, the 
experienced discharge capacity could be largely due to the irreversible reduction of manganese 
present in the structure2. It could thus be estimated that intercalation does not occur in this 
combination of cathode, electrolyte and anode. 
 





Figure 5.2: Coulombic efficiency plot of the 10 mA.g-1 battery 
5.1.1.2 Current density 50 mA.g-1: 
At a higher current density, diffusion into the cathodic transition metal oxide crystal lattice 
structure becomes difficult. Due to fast discharge and charge processes, there is insufficient 
time for the ionic species to intercalate into the structure and carry out an electrochemical 
reaction. It is for this reason we see that the discharge capacity is significantly lower for higher 
current densities. Figures 5.3 and 5.4 depict the cycling at a higher current density. 
An interesting thing to note is that the capacity fade at faster current densities is quite gradual 
as compared to slower current densities. This could be because of the lack of depth of diffusion 
of the ionic species into the cathode structure or in this case a presence of a greater 
concentration of unreduced manganese in the crystal structure per cycle as compared to the 




Figure 5.3: Galvanostatic cycling at 50 mA.g-1 for aluminium AlCl3/Emim[Cl] batteries 
 
Figure 5.4: Coulombic efficiency plot at 50 mA.g-1 for aluminium AlCl3/Emim[Cl] batteries 
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5.1.2. Cyclic voltammetry 
The cyclic voltammetry sheds light on the oxidation and reduction peaks that be experienced 
by the battery. The CV plot resembles quite closely the same plot for birnessite. The reduction 
peak is sharper near the limit of the discharged voltage. The reduction peak grows subsequently 
fainter in the following cycles. At the same time unlike the birnessite reduction phase, this 
battery faces three peaks of reduction. A reduction peak at the lower limit of operating voltage, 
one at approximately at 1.3V and the other at 1.9 V. The scan rate was carried out at 0.1 mV/s 
between the same potentials as was for galvanostatic cycles which is 0.35 V to 2.2 V. 
 
Figure 5.5: Cyclic voltammetry plot of aluminium todorokite AlCl3/Emim[Cl] battery 
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However, the sharpness of the peaks decreases in subsequent cycles. As the reduction peaks do 
not have any corresponding oxidation peaks, we can state that the electrochemical interaction 
happening in the battery is irreversible. Since the reactions happening are irreversible in every 
cycle some concentration of the species undergoing the electrochemical interaction is used up 
and hence their concentration decreases in every cycle. Due to the lack of ionic concentration 
of species the peaks in the CV get broader and broader. The oxidation could be that of the 
electrolyte getting oxidized. Similar peaks of oxidation for the AlCl3/Emim[Cl] ionic liquid 
electrolyte are observed in Eckert et al.2 where the cathode, anode and electrolyte of the battery 
is δ-MnO2, aluminium and AlCl3/Emim[Cl] respectively. 
5.1.3 XRD analysis 
The XRD analysis and comparison with pristine cathode on Mo current collector sheds more 
light on the changes that the cathode undergoes during the discharge process. 
 
Figure 5.6: XRD analysis of pristine cathode vs 1st discharge vs 1st discharge and 1st charge 
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The XRD analysis shows that the cathode undergoes phase transformation as the peaks of 1st 
discharge only and 1st discharge and 1st charge is different. The rise of additional peaks in the 
first charge after first discharge suggest that upon charging the crystallinity of the cathode 
structure is regained. However, compared to the pristine cathode plot, the presence of 
additional peaks on the first discharge upon first charge plot suggest that the crystalline 
structure is different than that of birnessite. From the galvanostatic plot, it is clear that this 
combination of cathode, anode and electrolyte behaves like a primary battery system. Thus, we 
can conclude by saying that the crystalline structure formed by phase change upon charging 
the battery is also unable to intercalate the chloroaluminate ions within the crystalline structure.  
5.2 Using aluminium triflate aqueous media as electrolyte 
Aluminium ion batteries have a huge potential because of their gravimetric capacity. Hence it 
is the research community’s constant effort to find an electrolyte that is compatible to 
intercalate aluminium ion into the crystalline structure. We have seen in the previous section 
of this chapter that with AlCl3/Emim[Cl] electrolyte and todorokite, since the charge 
transporting ionic species is AlCl4
- and Al2Cl7
-, the crystalline cathode structure is unable to 
intercalate them due to the slightly overly negative charge it carries. However, with aluminium 
trifluoromethanesulfonate (denoted as aluminium triflate) which is used as the electrolyte in 
our battery, this is not the case. The aluminium triflate salt upon being dissolved in water 
immediately dissociates into cationic and anionic species of Al3+ and (OTF)3
- respectively. As 
the charge transporting species has a positive overcharge, it is now expected that the crystalline 
transition metal oxide polymorph cathode of todorokite will now be able to intercalate the 
hydrated aluminium ion as a guest ion into its structure. To develop our understanding, first 
galvanostatic cycling has been performed on the assembled battery. For our battery we have 
used 1M solution of aluminium triflate. Filter paper was used as separator instead of glass fiber 
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for aqueous batteries. The anode was prepared by dipping a punched 11 mm sheet of aluminium 
foil that was previously rubbed against sand paper inside a glovebox3. However, the highest 
discharge capacity as reported by Zhao et al.3 for a 1 M aluminium triflate solution as 
electrolyte is somewhere little above 300 mAh.g-1. Such high capacity loading can be due to 
very little mass of electroactive material. Thus, more surface layer is exposed for intercalation. 
However, if the cathode has got more mass, not all the electroactive material is exposed for 
intercalation and thus galvanostatic plots show less specific capacities. NMR data of the 
aluminium triflate solution show that Al3+ ion is present in the solution. 
5.2.1 Galvanostatic cycling 
The galvanostatic cycling for the triflate electrolyte batteries are shown below. The cycling 
displays the clear plateaus which we interpret as intercalation into the structure. The battery is 
cycled between 0.3 to 1.8 V. At approximately 1.1 V, during discharge the intercalation 
behaviour of the charge carrier ionic species is observed into the crystal structure.   
5.2.1.1 Current density 10 mA.g-1 
As we see from Figure 5.7, though the specific charge displayed by the battery isn’t that high 
compared to other batteries3, we see a clear intercalation behaviour from the plot. This heavy 
mass loading on the cathode can be an indicator of the poor specific capacity displayed by the 
battery. However, as the electrochemical cycle proceeds, we see that the specific discharge 
capacity fades with subsequent cycles. Though it must be noted that the coulombic efficiency 
of the battery is always higher than 100 % as seen in Figure 5.8. A possible explanation of the 
anomaly could be that in every electrochemical cycle some concentration of Mn is getting 




Figure 5.7: Galvanostatic cycling at 10 mA.g-1  
 
Figure 5.8: Coulombic efficiency plot for the 10 mA.g-1 battery 
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dissolution of the cathode due to reduction of Mn in the cathode structure also explains the 
decrement of the charge retention capacity as evident from the plot. Perhaps adding a minor 
concentration of Manganese triflate to the aluminium triflate solution would suppress the 
dissolution of Mn into the electrolyte.3 
5.2.1.2 Current density 50 mA.g-1 
 
Figure 5.9: Galvanostatic plot at 50 mA.g-1 for the triflate battery 
At a higher current density, the battery displays a capacity of approximately 55 mAh.g-1. The 
intercalation plateaus which are distinct in Figure 5.7, are not quite prominent at this current 
density. However, the same capacity fade is observed over subsequent cycles. After 10th cycle, 
the capacity of the battery is drastically compromised compared with its capacity in the 1st 




Figure 5.10: Coulombic efficiency plot of 50 mA.g-1 battery 
At the same time, apart from cathode dissolution, another factor seems to be at play. When the 
battery is disassembled, it is observed that anode of the battery is quite eaten away suggesting 
that all the anode that gets electrostripped, does not get electroplated back. The use of a thicker 
aluminium foil is hence suggested. It is expected that the thicker aluminium foil will only 
prolong the life of the battery for some more cycles. Deviation from this behaviour would be 
an interesting study. The absence of the anode after a certain number of cycles could also be 




Figure 5.11: Anode dissolution of small Swagelok cell after galvanostatic cycling 
 
Figure 5.12: Anodic dissolution of large Swagelok cell after first discharge at slow current density of 5 mA.g-1 
5.2.2 Cyclic voltammetry 
Cyclic voltammetry (CV) was carried out at a scan rate of 0.1 mV/s between 0.3 to 1.8 V. The 
cyclic voltammetry plot demonstrates that there is a sharp reduction peak at nearly 1.1 to 1.2 
V. We do not observe the sharp oxidation peak in the first cycle, simply because nothing was 
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discharged in the crystal structure when the CV scan was started. Another general conclusion 
that we can draw from the CV plot is every cycle we see a very gradual current density fade. 
This could be attributed to the reduction of the lower valency Mn which slowly dissolves the 
cathode material into the electrolyte3. The oxidation peak occurs at approximately at 1.7 to 1.8 
V. For the reduction peak there is a corresponding oxidation peak as demonstrated by the CV, 
which shows that the reaction happening within the battery is reversible in nature.   
 
Figure 5.13: CV plot of the Al-triflate battery 
Compared to the irreversible nature of the previous two batteries mentioned in the thesis, this 
battery chemistry has potential for further investigation. 
At the same time, we did a CV experiment using an untreated aluminium anode while keeping 
all other parameters unchanged. The CV plot is shown in figure 5.14. Comparing the results of 
the CV plot of treated aluminium anode (figure 5.13) and untreated aluminium anode (figure 
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5.14), we see that the sharpness of the reduction peak at 1.1 V is severely compromised. 
According to figure 5.14 there is only one reduction peak and only one oxidation peak 
compared to figure 5.13 which displays two reduction peaks and one oxidation peak.  
 
Figure 5.14: CV plot using an untreated aluminium anode in an aqueous battery 
So according to figure 5.14, we can say that the battery chemistry is completely reversible. 
Looking at the CV plots, it can be said that when the aluminium is treated there is a distinct 
voltage at which protons and aluminium ions intercalate within the crystalline cathode 
structure. However, when the aluminium is untreated this distinction is diluted. The broad 
reduction peak perhaps corresponds to both aluminium and protons intercalating within the 
structure. It would be interesting to explore this battery setup in galvanostatic testing, NMR 
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and XRD characterization experiments. The outcomes of these experiments can give further 
insight into the intercalation mechanism occurring within the battery. 
5.2.3 XRD analysis 
The XRD of the aqueous aluminium todorokite shows that in the first discharge the peaks of 
todorokite disappear, which is expected. The amorphous signal between 20 and 30 degrees is 
due to the conductive carbon black and the binder present along with the crystalline structure. 
The discharged cathode undergoes a structural change which is also evident by the appearance 
of a peak at approximately 27 degrees. 
 
Figure 5.15: XRD analysis of pristine cathode vs 1st discharge vs 1st discharge and 1st charge 
However, the signal of first discharge and charge plot is not clear due to the presence of filter 
paper separator on the cathode. The filter paper could not be effectively separated as any further 
separation of the filter paper from the cathode structure would lead the removal of the cathode 
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material also from the surface of the current collector. A suggestion hence would be to use the 
glass fibre separator in place of the filter paper separator to avoid sticking of the separator on 
the cathode surface or not pressing the current collector rods with great force.  
5.2.4 NMR 
The NMR data collected for the aqueous aluminium battery sheds light on the intercalation 
behaviour of the aluminium ions into the crystalline transition metal oxide structure of MnO2. 
Solid NMR spectroscopy was performed on the singly discharged cathode while liquid NMR 
was performed on the water in which the anode and the separator of these discharged batteries 
were kept submerged. Liquid NMR was performed to understand the contents of the electrolyte 
of the battery upon discharge. However liquid NMR was also performed on 1M aluminium 
triflate solution. The liquid NMR on the aluminium triflate solution was done to confirm the 
presence of Al3+ ions inside the solution. Owing to the high charge density of the aluminium 
ion, it was thought that the aluminium ion reacts with water instead of being hydrated by water 
molecules on all sides. The NMR (figure 5.16) data shows a sharp peak for Al3+ ions thus 
putting the notion of its reaction with water entirely to rest.  
Now that it is confirmed that Al3+ ions are present in the solution, it is expected that upon 
discharge, the aluminium ions present in the solution would be the ones to intercalate into the 
crystal structure. If that is true, then we should observe a sharp aluminium peak on the solid 
NMR spectroscopy of the discharged cathode. However, from the CV (Figure 5.13) of this 
battery, it was evident that there are two reduction reactions occurring when the battery is 
discharged. Figure 5.17 is the NMR spectroscopy plot of the discharged cathode of aqueous 




Figure 5.16: Liquid NMR showing the presence of Al3+ ions in 1M aluminium triflate solution 
 
Figure 5.17: Solid NMR spectroscopy on discharged cathode of aqueous aluminium todorokite battery 
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The peak at 0 ppm on the NMR spectroscopy indeed proves that there is some aluminium ion 
intercalating within the cathode. At the same time, it is expected that protons, being positively 
charged and being present in the solution, intercalate within the structure and add to the 
capacity of the battery.  
 
Figure 5.18: Solid NMR performed on discharged aqueous aluminium battery for protons 
Figure 5.18 confirms the presence of protons within the discharged cathode. It is evident that 
there are more protons present in the discharged structure as compared to aluminium ions. This 
can be further elucidated by the fact that in the CV of the aqueous aluminium battery we 
observe two reduction peaks wherein one peak is quite sharp that appears at approximately 1.2 
V vs Al/Al3+, while the other reduction peak that appears at 0.9 V vs Al/Al3+ is not quite 
prominent. It could be then said that the lower peak in the CV during the reduction step 
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corresponds to the aluminium ion getting reduced while the very sharp peak occurring within 
the CV plot corresponds to the protons intercalating within the crystal structure.  
Ideally, the reaction mechanism that can be established from these results is that, 
At the cathode: 
H+ + e- → H(MnO2) 
Al3+ + 3 e- → Al(MnO2) 
At the anode: 
Al → Al3+ + 3 e- 
Within the electrolyte: 
H2O → H
+ + OH- 
Al(Otf)3 → Al
3+ + 3 (Otf)- 




This confirms the reaction mechanism proposed by Zhao et al. for their paper3. So now a liquid 
NMR of the water wherein the anode and the separator of these batteries are dipped, must 
display the presence of aluminium hydroxide. The figure 5.19 shows the liquid NMR 
spectroscopy of the water wherein the anodes and the separator were kept submerged. We 
clearly observe a peak at approximately 60 ppm. The presence of this peak can be attributed to 
the aluminium hydroxide complex4. According to Wilson et al. the presence of the peak at 
roughly 60 ppm corresponds to the formation of a tetrahedral complex of Al(OH)4
-. The 




Figure 5.19: Liquid NMR of water added to anode and separator of aqueous aluminium battery 
 
Figure 5.20: 27Al NMR showing the formation of Al(OH)4- at basic pH values at approximately 60 ppm4. 
excess. Observing the sharp reduction peak on the CV plot, this makes sense since H+ is the 
species that intercalates with greater concentration within the crystal structure leaving OH- to 
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be in excess within the electrolyte. Wilson et al. in their research paper, mentioned that at basic 
pH, they notice the formation of this complex and the fact that the peak appears to shift right 
as the pH is increased further in the solution. It can be speculated that the concentration of this 
tetrahedral aluminium hydroxide species would be more near the cathode electrode rather than 
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Chapter 6: Aqueous Zn - Todorokite 
battery 
Last chapter saw the details regarding the aqueous aluminium triflate battery. Though zinc is 
not as abundant as aluminium, none the less it is a battery chemistry that involves aqueous 
electrolytes and hence makes an interesting case to pursue and study. It is mainly used in the 
manufacture of primary batteries since it is safe, economic and environment friendly. A 
rechargeable battery thus would be an important next step in the development of zinc ion 
battery technology. For our batteries we use a 1 M ZnSO4 solution. An acidic solution prohibits 
the formation of irreversible compounds and complexes during the electrochemical interaction 
and also prevents the formation of oxide layer thus making the battery chemistry reversible in 
nature1. Performing experiments like galvanostatic cycling and CV confirm our understanding 
that intercalation does happen in the cathode of the battery. 
 6.1 Galvanostatic cycling 
Galvanostatic cycling was carried out at two current densities of 10 and 50 mA.g-1. The voltage 
of the cycling tests was between 1 to 1.8 V. Filter paper was used as the separator for this 
battery as it is aqueous.  
6.1.1 Current density of 10 mA.g-1 
Galvanostatic plots of zinc show a very peculiar behaviour unlike the other batteries that are 
explored. As evident from the plots, the specific capacity of zinc rechargeable battery increases 




Figure 6.1: Galvanostatic cycling plot at 10 mA.g-1 
 
Figure 6.2: Coulombic efficiency plot at 10 mA.g-1 
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is already present in the todorokite structure after the completion of the synthesis with Zn ions 
at the same crystal sites2. 
Two distinct plateaus are observed according to the galvanostatic plot. The same is depicted in 
Lee et al 2. They attribute the two plateaus to the intercalation of zinc into different crystal sites 
in the todorokite structure. It must be noted that the second plateau, the one closer to 1.3 V is 
something that is observed even for the aqueous aluminium batteries at approximately the same 
voltage. Apart from water and todorokite, there is no other component that is common to both 
the batteries. It could be speculated that the voltage plateau that is observed for both the 
batteries could be due to protons getting intercalated into the structure. Apart from this, Zhang 
et al3 report that an initial capacity of zinc battery using ZnSO4 is less compared to zinc triflate 
solution which is 120 vs 275 mAh.g-1 respectively. More precisely, they reported that a 
combination of concentrated 3 M zinc triflate solution with 0.1 M of manganese triflate is the 
best electrolyte for the zinc ion battery that gives satisfactory capacities for a decent number of 
cycle life. 
6.1.2 Current density of 50 mA.g-1 
Compared to the maximum specific capacity at slower current density (120 mAh.g-1), at faster 
current densities it is observed that the battery exhibits a much lower maximum capacity (15 
mAh.g-1), which is less by a factor of 10. However it is remarkable that the plateaus present in 
the slower current density of 10 mA.g-1 is quite prominent, compared to aluminium aqueous 
batteries, even at higher current densities. Capacity drops between slower and faster current 
galvanostatic cycling is observed because of limitations in ionic diffusion within the crystal 
structure. In aqueous aluminium batteries, the major charge carrier are the protons and the 
minor charge carriers are the aluminium ions, thus there is not a very significant drop in 




Figure 6.3: Galvanostatic plot of aqueous zinc battery at 50 mA.g-1 
 
Figure 6.4: Coulombic efficiency plot at 50 mA.g-1 
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structure is not that very affected by a higher current density. The viability of protons over 
aluminium ions in aqueous batteries is also evident from the CV of the aqueous aluminium 
battery. 
However, in the case of Zn aqueous batteries, protons and Zn ions are almost equally viable 
candidates for intercalation within the crystalline cathode structure. This is also evident from 
the CV plot shown in figure 6.5. Thus, it could be speculated that a fivefold increase in current 
density for galvanostatic cycling impacts both the charge carriers present within the battery. 
Since Zn ions also have a significant contribution towards the specific capacity of the battery, 
during higher current densities, the diffusion within the crystalline cathode is well 
compromised and hence we see such a drastic drop in maximum specific capacity between 
lower and higher current densities of the same aqueous battery system. 
At the same time, it is important to note that at slower current densities, the capacity fade from 
maximum observed specific capacity of the Zn battery begins after the 3rd cycle while at faster 
current densities the capacity fade after maximum observed specific capacity is after the 10th 
cycle. 
6.2 Cyclic voltammetry 
Cyclic voltammetry was performed on this battery between voltages 1 to 1.8 V. The scan rate 
was chosen to be 0.1 mV/s. The cyclic voltammetry (CV) plot of zinc is really very interesting. 
There are two reduction peaks and two oxidation peaks suggesting that the electrochemical 
reaction occurring within the battery is quite reversible. During the CV experiment, unlike the 
galvanostatic tests, the battery is charged first. The start direction of the CV is shown in figure 
6.5. The two oxidation peaks that are observed in the 1st cycle at the start of the CV are because 
of the already present Mg ions within the structure, leaving the cathode structure. It is 
speculated that the first reduction peak encountered by the battery on its way to discharge 
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belongs to protons intercalating within the structure while the second reduction peak that is 
encountered corresponds to zinc ions. On the other hand, the protons  
 
 
Figure 6.5: Cyclic voltammetry plot of Zn Todorokite aqueous battery 
and zinc ions get oxidized almost at the same potential of nearly 1.6 V vs Zn/Zn2+ ions as 
shown in figure 6.5. Compared to the CV of aluminium batteries, the CV plot of aqueous zinc 
batteries is quite smooth. The gradual decrement of the zinc reduction peak in subsequent 
cycles hints that not all the zinc that goes within the structure during discharge process comes 




6.3 XRD analysis 
The XRD analysis is quite interesting. The plot for the 1st discharge only is shown as figure 6.7 
as there are details on the XRD plot which are not visible in figure 6.6. A large  
 
 
Figure 6.6: XRD analysis of pristine cathode vs 1st discharge vs 1st discharge and 1st charge 
amorphous layer that exist between 20 and 30 degrees of 2 theta angle on the 1st discharge and 
1st charge plot could be because of the presence of the filter paper separator. The  
amorphous layer that is present on the pristine cathode on the same angles corresponds to the 
conductive carbon that is mixed with the electroactive todorokite. The other peaks that are 
visible on the pristine cathode XRD plot as shown in figure 6.6 belongs to the current collector. 
A careful analysis of the first discharge XRD plot shown as figure 6.7 reveals the 




Figure 6.7: XRD plot of 1st discharge only 
cathode largely matches that of Zn(OH)2 and a hydrated complex involving sulfate and 
hydroxyl ions of zinc4,5. The reference XRD plots for Zn(OH)2 and the complex are shown 
below as figure 6.8 and figure 6.9. The peaks in our XRD plot of figure 6.7 at 8, 16 and 25 
degrees approximately match with the peaks displayed by figure 6.8 at the same angles. Apart 
from these two peaks, the other peaks that are present in figure 6.7 bear resemblance to 
Zn(OH)2 XRD plot shown as figure 6.9.  
At the same time, we notice that upon charging the cathode, the crystalline structure of the 
cathode has changed as evident from figure 6.6. However, this is not conclusive as the cathode 
had a strong presence of the separator layer over itself which was noticed after the battery was 




Figure 6.8: XRD pattern of hydrated zinc sulfate hydroxyl complex5 
 
Figure 6.9: XRD plot of Zn(OH)26 
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cathode material and that would yield in poor XRD result. However from Lee et al.2 we see 
that the cathode structure is restored upon charging the battery. 
The ideal reaction mechanism can then be predicted to be something similar with aqueous 
aluminium batteries, 
At the cathode: 
H+ + e- → H(MnO2) 
Zn2+ + 2 e- → Zn(MnO2) 
At the anode: 
Zn → Zn2+ + 2 e- 
Within the electrolyte: 
H2O → H




Zn2+ + 2 OH- → Zn(OH)2 
ZnSO4 + 3 Zn(OH)2 + 5 H2O → (Zn(OH)2)3.ZnSO4.(H2O)5 
The gradual formation of the hydrated zinc sulfate hydroxyl complex and Zn(OH)2 layer over 
the surface of the cathode gradually causes the battery to lose capacity over subsequent cycles. 
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Chapter 7: Conclusions 
Based on the experiments performed for this thesis, we have a better insight into the 
electrochemical feasibility of the intercalation of the multivalent ions into crystalline MnO2. 
Trivalent aluminium cations do not intercalate into birnessite–MnO2 and todorokite-MnO2 
structures when using chloroaluminate-containing ionic liquid electrolytes. Rather, we 
hypothesize that the irreversible capacity we observe is due to the degradation of the MnO2 
structures. The galvanostatic experiments show that there is a significant capacity fade between 
the first and the second discharge, while ex situ XRD experiments performed on pristine and 
cycled electrodes shows that there are no significant changes to the structures of the remaining 
crystalline domains, which would be expected if Al-ion intercalation were to occur. This work 
motivates the need to understand the chemical and electrochemical stability of MnO2 in 
chloroaluminate-containing ionic liquid electrolytes.  
On the other hand, the aqueous Al-MnO2 batteries show greater promise, though the precise 
charge storage mechanism requires greater study. It appears that the electrochemical 
intercalation of protons, rather than aluminium ions, may be the dominant mechanism; 
interestingly, limited intercalation of aluminium ions within the crystalline structure is 
suggested by preliminary solid -state 27Al NMR measurements. However, further research must 
be pursued in this direction to confirm our understanding of the same. The cyclic 
voltammograms of aqueous Al-todorokite and Al-birnessite batteries are similar, suggesting 
similar charge storage mechanisms. Hence, it can be inferred that the mechanisms and 
rechargeability of aqueous aluminium batteries are independent of MnO2 polymorph. 
However, the capacity of the battery varies based on the polymorph present on the cathode. In 
the CV plot for the aqueous batteries, we observe that there is one oxidation peak as opposed 
119 
 
to two reduction peaks. From this we can draw the conclusion that one of the two 
electrochemical reduction processes occurring within the battery is not reversible. One 
additional factor contributing to capacity fade is the aluminium anode and its artificial SEI 
layer, whose chemical and electrochemical stability is poorly understood and requires further 
investigation.  
Aqueous zinc-todorokite batteries also show reversible rechargeability behaviour. The cyclic 
voltammograms of these batteries reflect that there are two coupled reduction and oxidation 
processes occurring within the battery, indicating reversible electrochemical behaviour. 
Compared to the aqueous aluminium-MnO2 batteries, the aqueous zinc-MnO2 batteries display 
greater specific capacity and cycle life. However despite of their rechargeable electrochemistry, 
the gradual formation of a Zn(OH)2 layer on the cathode surface during the discharge process 
causes the battery to lose capacity after every electrochemical cycle. Zn(OH)2 is insoluble in 
water and deposits itself on the cathode, thus slowly inhibiting the pathways that protons and 
Zn ions take to intercalate within the crystal structure. This gradual deposition of Zn(OH)2 is 
the reason the battery fails after a certain number of cycles.  Lastly, the role of water and 
specifically any hydration shells of the divalent zinc cations is a topic for future investigations.   
Overall, aqueous Al- and Zn-MnO2 show the greatest promise in terms of reversibility and 
electrochemical performance. Much remains to be understood about the charge storage 
mechanisms of the MnO2 electrodes in aqueous non-alkaline electrolytes containing 
multivalent cations, which is an exciting direction for future investigations.   
 
 
